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Pt–GO composites with high-number-density Pt nanoparticles dispersed uniformly on GO nanosheets
were prepared using ethylene glycol as reducer at 180 °C. The nanoparticles had an average size of 12 nm
with corners and edges on their surfaces. The composites had electrochemically active surface area of
31.7 m2 g1 with a ratio (If/Ir¼0.96) of the forward anodic peak current (If) to the reverse anodic peak
current (Ir) in cyclic voltammetry curves, which is much higher than those of the reported Pt nano-
dendrites/reduced graphene oxide composites.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Highly efﬁcient power sources have appealed to considerable at-
tention due to the environmental problem caused by the depletion of
fossil fuels [1] and the demand of clean energy systems used for a
sustainable society and economy [2,3]. Among various energy man-
agement systems, direct formic acid fuel cells (DFAFCs) have become
increasingly attractive as a promising portable power-generating de-
vice due to their advantages of being less toxic, having higher elec-
tromotive force (a theoretical open circuit potential of 1.48 V), lower
fuel crossover ﬂux through Naﬁon membrane and reasonable power
density at low temperatures [4–12]. Electro-catalysts play a crucial role
in DFAFCs, which can be characterized by a formic acid oxidation
reaction (FAOR) at the anode and an oxygen reduction reaction (ORR)
at the cathode. Recent studies on DFAFCs have been focused on the
development of efﬁcient anodic catalysts [13–17] for the electro-
oxidation of formic acid, which is one of the major hurdles for the
commercialization.
Platinum (Pt) is the ﬁrst used electro-catalyst for DFAFCs. It is gen-
erally accepted that the desired direct oxidation path needs smaller Pt
nanoparticles (NPs) with continuous lattices, which decrease the for-
mation of unwanted CO intermediates [18]. In order to reduce the
amount of the needed Pt and to obtain highly active Pt catalysts, a
crucial step is to distribute small size Pt NPs uniformly on supporting
materials [19]. So far, electro-catalytic materials used for FAOR are
mainly Pt, palladium (Pd) black and formed Pt or Pd-based bimetallic
catalysts with other metals. Despite current Pt-based catalysts havey. Production and hosting by Elsev
als Research Society.some extent improvement for the electro-catalytic activity of formic
acid, the activity is still quite low. Graphene has attracted tremendous
attention for the use as supports due to its large speciﬁc surface area
(2600m2 g1), high electrical conductivity, superior thermal property
[20], unique electronic property [21] and excellent mechanical property
[22]. As graphene's one speciﬁc branch, graphene oxide (GO) has many
advantages; e.g., GO includes abundant oxygen-containing functional
groups such as hydroxyl, carbonyl, carboxyl and epoxide groups on its
surface, exhibiting enhanced chemical activities compared with gra-
phene [23]. These groups lead to GO nanosheets soluble in water and
they can be used as binding sites for metal NPs [24]. Recently, we re-
ported the synthesis of GO supported Pt nanodendrites (NDs) [25].
Although it shows high electro-catalytic properties, the number density
is not large enough, and an aggregation of small single-crystalline NPs
within an individual Pt dendrite was found to lower accessible active
sites. Control of the growth process for a good dispersion, high particle
density and especially a narrow NPs’ size range remain to be quite
difﬁcult.
In the present paper, we report the preparation of Pt–GO na-
nosheets with dispersed small size Pt NPs on GO. The nanosheets
have high catalytic activity and long-term stability, which can ﬁnd
potential application in formic acid fuel cells.2. Experimental section
2.1. Materials
Natural graphite powder (spectrum pure), H2SO4 (98 mass%,
A.R.), KMnO4 (A.R.), H2O2 (30 mass%, A.R.), HCl (36–38 mass%, A.ier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. TEM image (a) and HRTEM image (b) of Pt–GO, and inset (a) and (b) show
the local magniﬁed image and histogram of particle size, respectively.
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were all bought from Sinopharm (Group) Shanghai Chemical Re-
agent Co. K2PtCl6 was obtained from Sinopharm Chemical Reagent
Co. Ltd., and ethylene glycol (EG) was obtained from Shanghai Jiu-
Yi Chemical Reagent Co. Ltd. All reagents were used as received
without further puriﬁcation. Deionized water with a resistivity of
exceeding 18.0 MΩ cm from a JL-RO 100 Millipore-Q Plus water
puriﬁer was used for the experiments.
2.2. Synthesis of graphite oxide
Graphite oxide was synthesized from natural graphite powder
by the modiﬁed Hummers' method [26]. Typically, graphite pow-
ders (10 g) were added into 230 mL of 98 mass% H2SO4, followed
by the intense stirring (5 min) at room temperature, then KMnO4
(30 g) was introduced into the mixture. Under successively vig-
orous stirring, the mixture was kept under low (10–15 °C), middle
(3573 °C) and high (98 °C) temperatures for 2 h, 30 min, and
30 min, respectively. Subsequently, 230 mL of diluted H2O2
(5 mass%) was added to the above mixture. In the end, the sus-
pension was vacuum ﬁltrated using 460 mL deionized water and
300 mL diluted HCl (5 mass%). BaCl2 aqueous solution was used to
test whether the ﬁltration solution included −SO4
2 , and NaOH
(5 mol L1) was added to produce ﬂocculation. The resulting
products were centrifuged, followed by drying in the 50 °C oven.
2.3. Synthesis of Pt–GO composite
For synthesizing the Pt–GO composite, 45.3 mg of graphite oxide
was dispersed in 50mL of EG by sonication for 20min. In this reaction,
EG acts as a reducing, stabilizing and dispersing agent. Then 4.7 mL of
8.23mM K2PtCl6 was added into the solution under vigorous stirring
and subjected to oil bath heating at 180 °C for 3 h. The entire solution's
pH was adjusted to 1 by adding HCl (36–38mass %). After the end of
the heating, the solution was cooled to room temperature, and the
product was washed and centrifuged by anhydrous ethanol and deio-
nized water for several times to remove the excess EG, then dried at
40 °C in a vacuum oven. Finally, small size Pt NPs dispersed uniformly
on GO (Pt–GO) were obtained.
According to the method reported in our previous article [25],
Pt nanodendrites on reduced graphene oxide nanosheets (Pt NDs–
RGO) were synthesized via a one-step microwave-assisted and
polymer-free procedure, which can be compared with Pt NPs–RGO
having the same support material (RGO) in following electro-
chemical studies.
2.4. Characterizations
TEM, HRTEM images were acquired on a JEOL JEM-2100 TEM
operating at 200 kV. XPS was measured on a Thermoﬁsh K-alpha
X-ray photoelectron spectrometer, and binding energies were
determined with reference to carbon's C1s¼284.6 eV. The pro-
ducts' crystallographic properties and composition were analyzed
by XRD on a Rigaku Ultima III diffractometer (using Cu
Kα¼1.5418 Å radiation) at a scanning rate of 10° min1 in the
range of 20–90°.
2.5. Electrode preparation
For the electrode preparation, 3.3 mg Pt NPs–RGO and 3.3 mg
Pt NDs–RGO were dispersed in 250 μL anhydrous ethanol and
250 μL Naﬁon (Sigma-Aldrich, USA) under ultrasonic agitation to
form the electro-catalyst ink, respectively. The electro-catalyst ink
(10 μL) was then deposited on the surface of a glassy carbon
electrode (GCE, geometric area¼0.1256 cm2) and dried at room
temperature.2.6. Electrochemical measurements
Electrochemical measurements were performed with a CHI
660D electrochemical analyzer (CH Instruments, Inc., Shanghai). A
conventional three-electrode cell was used, including a GCE as the
working electrode, a saturated calomel electrode (SCE) as the re-
ference electrode and a platinum foil as the counter electrode. The
potentials were measured with SCE as the reference.3. Results and discussion
3.1. TEM observation
The distribution, size and morphology of Pt NPs are observed
clearly by TEM as shown in Fig. 1. Fig. 1(a) reveals that the Pt–GO
composite has a uniform dispersion of NPs on GO nanosheets, and
a successive sonication for 2 min before TEM characterization can
not remove Pt NPs from GO surfaces (NPs are not present on the
TEM carbon ﬁlm), indicating the presence of a strong interaction
between them. Inset 1(a) is the local magniﬁed image, which
shows that the size of supported NPs is small and the shape is
irregular with less smooth edges, and Pt NPs have an average size
of 12 nm in diameter. The HRTEM image (Fig. 1(b)) shows an in-
dividual Pt NP with lattice fringes of a single orientation on GO
nanosheets, and the inter-planar distances are measured to be
0.22 nm, which is consistent with the face-center-cubic (fcc) Pt
(111). Inset 1(b) is the histogram of particle size, which shows that
supported Pt NPs are almost monodisperse by means of the
measurement for the diameters of 100 randomly selected particles
in Fig. 1(a).
Fig. 2. XPS surveys of graphite oxide (black) and Pt–GO (red) (a), and high re-
solution Pt4f XPS of Pt–GO (b).
Fig. 3. XRD patterns of graphite oxide (black) and Pt–GO (red).
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Fig. 2(a) shows the XPS survey spectra of graphite oxide and the
Pt–GO composite. The 284.8 and 531.0 eV bands are associated
with C1s and O1s, respectively. A prominent sp2 C–C peak
(284.8 eV) indicates the presence of a dominant graphitic structure
in the Pt–GO composite. The XPS intensity of O1s for GO na-
nosheets (red curve) is almost the same with that of graphite oxide
(black curve), due to that the liquid reducer EG is hindered for the
removal of oxygen-containing functional groups with the inﬂu-
ence of Pt NPs under the acidic condition. Two peaks at 71.0 and
74.4 eV are equivalent to Pt4f, and another two peaks at 314.8 and
330.1 eV are assigned to Pt4d, respectively [27]. The high resolu-
tion XPS in Fig. 2(b) shows the doublet Pt4f7/2 and 4f5/2 peaks at
71.0 and 74.4 eV, respectively. This conﬁrms the presence of Pt
(0) rather than a compound in the Pt–GO composite. The peak area
calculation obtains that the Pt, O and C content is 1.6, 22.1 and
76.3 mass%, respectively.
3.3. XRD patterns
Fig. 3 shows XRD patterns of graphite oxide and Pt–GO. When
Pt is supported on the GO surface, the pattern has a broad dif-
fraction peak centered at 25° (red curve), conﬁrming that the
graphitic nature is restored by the reduction with EG. The XRD
pattern of Pt–GO reveals that Pt NPs have ﬁve distinguished dif-
fraction peaks at 2θ¼39.8°, 46.3°, 67.5°, 81.3° and 85.8° in goodagreement with (111), (200), (220), (311) and (222) fcc Pt crystal
planes (JCPDS 87-0646) [28], respectively, which conﬁrm that the
Pt is present in the composite. The XPS of Fig. 2 and XRD results
indicate the formation of the Pt–GO composite. The average size of
Pt NPs can be estimated according to the Scherrer equation:
λ β θ= ( )d 0.9 / cos1/2
where d is the average size (nm), λ is the wavelength of the used
X-ray (0.15418 nm), β1/2 is the width of the diffraction peak at half
height, and θ is the Bragg diffraction angle. The size of NPs is
calculated from (111) and (200) primary crystal plane parameters,
and averaged as 12 nm for Pt NPs, which is very close to the TEM
result. The Pt loading can be quantiﬁed by thermogravimetric
analysis (TGA), which we have veriﬁed elsewhere [25]. In the TGA
curve, there are two signiﬁcant mass drops for the RGO–Pt
(1) around 200 and 480 °C. The drop at around 200 °C is assigned
to the generation of CO and CO2 caused by the destruction of
oxygenated functional groups, and the other at around 480 °C is
attributed to the combustion of the carbon skeleton. The Pt load-
ing in the composite can be determined through the mass calcu-
lation of residual materials after burning.
An in situ reduction mechanism for the formation of the Pt–GO
composite is suggested. (1) The GO surface's oxygen-containing
functional groups can act as locating sites for −PtCl6
2 ions which are
subsequently reduced to Pt(0), and these groups can anchor Pt
nuclei on the GO surface by the formation of Pt–O linkages [29]. At
the initial stage, −PtCl6
2 on the surface are reduced by EG, leading to
many small Pt nuclei form. This is explained by the following
description [30].
+ → − → –− −PtCl GO PtCl GO Pt GO62 62 0
(2) −PtCl6
2 ions in the solution are also simultaneously reduced
to Pt nuclei, and the Pt nuclei on GO preferentially start to further
grow up by obtaining Pt nuclei in the solution, which ensures the
lowest energy state of thermodynamics, leading to form Pt NPs on
the GO surface. (3) However, the liquid reducer EG is hindered for
the removal of oxygen-containing functional groups with the in-
ﬂuence of Pt NPs under the acidic condition, and a spontaneous NP
assembly, in other words the aggregation of NPs cannot also occur
due to the oil bath heating under vigorous stirring, which ﬁnally
results in the formation of small size Pt NPs dispersed uniformly
on GO nanosheets. In addition, from the reference [31], we un-
derstand that EG is oxidized and produces glycolate anion (at high
pH) during the reduction of Pt salt (to Pt metal), and glycolate
Fig. 5. CVs of the Pt NDs–RGO (red) and Pt NPs–RGO (blue) modiﬁed GCEs in
200 mL N2-saturated mixed solution containing 0.5 M H2SO4 and 0.5 M HCOOH at a
scan rate of 50 mV s1.
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The high pH (412) ensures the deprotonation of glycolic acid to
form glycolate anion as a strong stabilizer for the Pt colloids, and
results in small and uniformly dispersed Pt particles.
3.4. Electrochemical studies on Pt NPs–RGO for HCOOH oxidation
Fig. 4 shows CVs of the Pt NDs–RGO and Pt NPs–RGO modiﬁed
GCEs in 100 mL N2-saturated 1 M H2SO4 solution at a scan rate of
50 mV s1. The ECSA value is evaluated by using the following
equation [32]:
=
[ ] ×
Q
ECSA
Pt 0.21
H
where [Pt] (g cm2) is the electrode's Pt loading, QH (mC cm2) is
the coulombic charge of hydrogen adsorption, and 0.21 (mC cm2)
is the required charge to oxidize a monolayer of H2 on the ﬂat Pt
[33]. QH can also be obtained by using the following equation [34]:
∫= ( )Q
vs
I dV
1
H V
where I (A), V (V) and v (mV s1) are the peak current, peak po-
tential and scanning rate (50 mV s1) in this experiment, respec-
tively; s (cm2) is the GCE's geometric area (0.1256 cm2). The ECSA
value for the Pt NDs–RGO and Pt NPs–RGO are 26.8 and
31.7 m2 g1, respectively.
Fig. 5 shows CVs of the Pt NDs–RGO and Pt NPs–RGO modiﬁed
GCEs in 200 mL N2-saturated mixed solution containing 0.5 M
H2SO4 and 0.5 M HCOOH at a scan rate of 50 mV s1. Both CV
curves are similar to the pure Pt catalysts' curves [35], and the Pt
NPs–RGO has two obvious peaks, which occur at 0.47 V for the
forward scan and 0.42 V for the reverse scan due to the removal of
formed intermediate species (CO and other carbonaceous species)
in the forward scan [36]. As compared with Pt NDs–RGO, the for-
ward and reverse anodic peak currents of Pt NPs–RGO are higher,
which is in agreement with the ECSA result. This indicates that the
Pt NPs–RGO composite has higher electro-catalytic activity due to
that the peak current's magnitude is proportional to the amount of
formic acid oxidized on the electrode. Both CV curves show a
cathodic current (reduction current) at high positive potentials of
1.2 V. Our explanation about this is that the residual oxygen ex-
istent in the solution which generates the reduction reaction of
oxygen results in the observed reduction current at a higher po-
tential of 1.2 V under the catalysis of Pt NPs. Although the elec-
trolyte solution is deoxygenated with passing nitrogen before theFig. 4. CVs of the Pt NDs–RGO (red) and Pt NPs–RGO (blue) modiﬁed GCEs in
100 mL N2-saturated 1 M H2SO4 solution at a scan rate of 50 mV s1.electrochemical measurement, however, our reaction system is
not sealed and it is connected with the external environment, and
oxygen in the air will be mixed into the solution along with the
ongoing measurement, which makes it difﬁcult to appear a truly
oxygen-free condition. We can qualitatively estimate that the
amount of the existent residual oxygen is less than the amount of
the saturated oxygen in the solution.
The ratio (If/Ir) of the forward anodic peak current (If) to the reverse
anodic peak current (Ir) can be used to evaluate catalyst tolerance for
the accumulated intermediate carbonaceous species on electrode sur-
faces [36]. A higher If/Ir ratio indicates that poisoning species are re-
moved more effectively on the catalyst surface, which means that for-
mic acid is oxidized to CO2 more efﬁciently. By estimating the peak
height in Fig. 5, If/Ir ratios for the Pt NDs–RGO and Pt NPs–RGO are
estimated to be 0.80 and 0.96, respectively. The Pt NPs–RGO has a larger
ratio, which indicates that formic acid can be oxidized to CO2 more
completely with a less carbonaceous accumulation. This can be attrib-
uted to that dispersed uniformly small size Pt NPs with continuous
lattices is in favor of the oxidation of formic acid through the direct
oxidation path, which decreases the formation of unwanted CO
intermediates.
We have given the following statements in detail about the
oxygen-participating reaction mechanism and how it changes the
shape of CV curves in Figs. 4 and 5 compared to a truly oxygen-free
electrolyte. Under the catalysis of Pt NPs, there is a competitive
relationship between the reduction reaction of oxygen and the
oxidation reaction of formic acid. For the forward scan, the po-
tential gradually changes from small to large, and formic acid
ﬁrstly generates the oxidation reaction in the low potential, ap-
pearing the oxidation peak of formic acid. When the potential
increases to 1.2 V, the reduction reaction of oxygen has occupied
the dominant position, and the reduction current is observed. Si-
milarly, the situation is opposite for the reverse scan, and the re-
duction reaction of oxygen appears ﬁrstly at the high potential,
followed by the oxidation reaction of formic acid under the low
potential. The existent residual oxygen in the solution changes the
shape of CV curves, and the overall result is the inhibition or
ﬂattening to the formic acid oxidation peak, which can lead to that
the oxidation peak of formic acid, does not appear obviously in the
CV curves.
High durability, stabilities and long-term electro-catalytic ac-
tivities are important for the fuel cell applications [37,38]. Fig. 6
shows current–time curves of the Pt NDs–RGO and Pt NPs–RGO
modiﬁed GCEs in 200 mL N2-saturated mixed solution containing
Fig. 6. Current–time curves of the Pt NDs–RGO (red) and Pt NPs–RGO (blue)
modiﬁed GCEs in 200 mL N2-saturated mixed solution containing 0.5 M H2SO4 and
0.5 M HCOOH.
Fig. 7. OCV-time curves of the Pt NDs–RGO (red) and Pt NPs–RGO (blue) modiﬁed
GCEs in 200 mL N2-saturated mixed solution containing 0.5 M H2SO4 and 0.5 M
HCOOH.
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though both electrodes display an initial fast current decay and a
following slower attenuation which gradually reaches a pseudo-
steady state, due to the initially adsorbed intermediate species
which are depleted to an equilibrium level determined by the
number of adsorption sites and how efﬁciently intermediate spe-
cies are replenished from the solution. The Pt NPs–RGO electrode
exhibits a higher initial current, and the current of the whole
measurement maintains a higher steady state. It is attributed to
that dispersed uniformly small size Pt NPs have a larger speciﬁc
surface area and more active absorption sites facilitating the for-
mic acid oxidation. The slower decay for the steady-state current
suggests that the surface of the electrode does not experience
deactivation in the electro-oxidation process. It shows that the Pt
NPs–RGO has a better tolerance for the poisoning by CO-like
intermediates.
Fig. 7 shows the open circuit voltage (OCV)-time curves of the
Pt NDs–RGO and Pt NPs–RGO modiﬁed GCEs for 200 seconds.
Obviously, the Pt NPs–RGO exhibits a lower stable voltage and has
a low polarization loss. It is attributed to a lower internal re-
sistance due to the presence of dispersed uniformly small size Pt
NPs with a larger speciﬁc surface area and more active absorption
sites, facilitating that formic acid is oxidized to CO2 more com-
pletely with a less carbonaceous accumulation [39,40].4. Conclusions
In summary, Pt NPs supported on GO nanosheets have been
prepared via a procedure with the EG reducer at 180 °C for 3 h. The
size of NPs is small and the shape is irregular with less smooth
edges, and Pt NPs have an average size of 12 nm in diameter.
Oxygen-containing functional groups on the GO surface is re-
sponsible for the Pt NPs' selective nucleation and growth on GO,
and the aggregation of NPs does not occur, which ﬁnally results in
the formation of small size Pt NPs with continuous lattices dis-
persed uniformly on GO nanosheets. The Pt NPs–RGO composite
has a higher ECSA value of 31.7 m2 g1 with a larger If/Ir ratio of
0.96 towards formic acid electro-oxidation. The high catalytic ac-
tivity and long-term stability promise the Pt–GO catalysts' poten-
tial applications in formic acid fuel cells.Acknowledgments
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